ABSTRACT To explore the basis for the template specificities of the bacteriophage T3 and T7 RNA polymerases (EC 2.7.7.6), we determined the nucleotide sequences of six promoters recognized by the T3 RNA polymerase and compared them with the previously determined promoter sequences recognized by the bacteriophage T7 RNA polymerase. Recombinant plasmids containing random Hpa H and Taq I fragments of T3 DNA were screened for T3 promoter activity in vitro in a transcription assay using purified T3 RNA polymerase. Five promoters for the T3 RNA polymerase were identified in this manner and their sequences were determined; the sequence of an additional promoter was determined directly from a genomic DNA fragment. In five of the T3 promoters an identical 16-base-pair sequence (A-C-C-C-T-C-A-C-T-A-A-A-G-G-G-A) extends from -12 to +4 (initiation occurring with GTP at + 1); this sequence is preceded by a 6-base-pair A+T region. The remaining promoter contains an inserted C at position -1 and an A at the +1 position. The sequence of the 5' end of the RNA transcript from the latter promoter confirms that transcription is initiated with ATP at the +1 position. Previously, late T3 or T7 transcripts had not been found to initiate with ATP. The highly conserved T3 promoter sequence was compared to the T7 promoter consensus sequence. The fundamental difference between the two kInds of phage promoters is the occurrence of G-A at positions -11 and -10 in the T7 promoter, whereas there is a single C at position -10 in the T3 promoter.
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Bacteriophages T3 and T7 have been well characterized, and they have provided attractive model systems for studies of transcription control (1) (2) (3) . During infection the genomes of these viruses are transcribed successively by two different RNA polymerases (EC 2.7.7.6). Initially, the early genes are transcribed by the host (Escherichia coli) RNA (4, 5) .
The two phage RNA polymerases appear to be closely related. It has been estimated that the genes that encode the two enzymes have >80% sequence homology by heteroduplex analysis (6) . Despite their structural similarities, however, neither enzyme will transcribe the heterologous template efficiently (5, 7) . To one promoter recognized by the T3 RNA polymerase was recently reported (8) . In this paper, we describe the identification and characterization of six promoters recognized by the T3 RNA polymerase. By comparing the consensus sequences of the T3 and T7 promoters, we have identified a single region that appears to be critical for the specificity of RNA polymerase recognition.
MATERIALS AND METHODS
Isolation and Cleavage of DNA. Bacteriophage T3 (Hausmann strain) DNA and plasmid pBR322 DNA were isolated as described (9, 10) . Conditions of cleavage with restriction endonucleases were those recommended by Davis et aL (11) .
Cloning and Identification of T3 DNA Fragments Having Promoter Activity. pBR322 DNA was digested with Cla I, treated with calf intestine alkaline phosphatase, extracted with phenol, mixed with Taq I or Hpa II fragments of T3 DNA at a molar ratio of 4:1 (plasmid to fragments), and incubated overnight in the presence of T4 DNA ligase at 14WC (11) . Competent HMS174 cells (10, 12) were transformed with the recombinant DNA, and ampicillin-resistant tetracycline-sensitive colonies were isolated and propagated overnight in 2 ml of M9-T broth (13) containing ampicillin (20 ,g/ml) . The cultures were arranged in a 10 x 10 grid, and 0.2 ml was withdrawn from the cultures in each row and each column and combined into row and column pools. Plasmid DNA was extracted from each pool by the rapid alkaline extraction procedure (14) and used as template in an in vitro transcription assay using purified T13 RNA polymerase (15) . In all such screening experiments a culture of HMS174/pBR322 was used as a negative control. Because the T3 RNA polymerase does not recognize any promoters in the plasmid vector, the level of transcription seen in the latter case was essentially background. In those cases where a pooled sample contained DNA from a plasmid having a T3 promoter, the level of transcription in the in vitro assay was usually greater than 10 (17) except that the phosphatase reaction was terminated by the addition of EGTA to 5 mM and heating at 65°C for 15 min before continuing with the kinase reaction. The end-labeled RNA was purified by electrophoresis through a 5% polyacrylamide gel in the presence of 7 M urea and subjected to enzymatic sequencing digestions (17) (18) (19) . Portions of the end-labeled RNA samples were subjected to end-group analysis as described by Volckaert and Fiers (20) except that ribonuclease P1 (21) was substituted for ribonuclease T1.
RESULTS
Cloning and Identification of Promoters for the T3 RNA Polymerase. The locations of 17 promoters for T3 RNA polymerase in T3 DNA are shown in Fig. 1 . To isolate small promoter-containing fragments, Hpa II or Taq I fragments of T3 DNA were inserted into the Cla I site of pBR322. Tetracyclinesensitive transformants were screened for the presence of T3 promoters by testing the ability of extracted plasmid DNA to serve as a template for transcription by purified T3 RNA polymerase in vitro. To determine the size of the inserted DNA in promoter-positive clones, plasmid DNA was digested with EcoRI efficiently terminated and would make multiple passages around the circular plasmid, yielding RNA transcripts that are complementary to both pBR322 DNA and the cloned T3 DNA fragment. Because T3 DNA and pBR322 DNA do not exhibit homology, hybridizing the labeled RNA probe to T3 DNA fragments reveals the region from which the cloned DNA originated (Fig.  2) .
The restriction fragments to which the pJB20 and pJB23 transcripts hybridized define regions of T3 DNA that each contain only one T3 promoter, and the identity of the promoters carried by these plasmids could therefore be unequivocally determined (Table 1) . Because the transcripts from plasmids pJB10, pJB30, and pJFKI hybridize to restriction fragments that contain more than one T3 promoter, the promoters cloned in these plasmids could not be unambiguously identified by this technique. Subsequently, we-learned that the region cloned in pJB10 exhibits significant homology with a region in T7 DNA around the promoter at 16.0 T7 units (1); on the basis of this, we have tentatively designated the promoter in pJB1O as the T3 16.1 promoter. The transcripts from pJB30 and pJFK1 both hybridize to Mbo I fragment D (which spans the region from 48 to 56 T3 units). The DNA fragments cloned into these plasmids differ in size and sequence and each must therefore carry one of the two promoters in this region (at 51.5 and 54.2 T3 units).
To determine the positions of the promoters in the inserted DNA, recombinant plasmids that had been digested with either EcoRI or HindHI (which cut pBR322 to the left and right of the inserted DNA, respectively) were used as templates for transcription in vitro. From the sizes of the runoff transcripts, the location. and orientation of the promoters within the plasmid could be determined (Table 1) .
Sequence Analysis of T3 Promoters. Inserted DNA was excised from recombinant plasmids by digestion with EcoRI and HindIII and its sequence was determined by the methods of Maxam and Gilbert (16) . In addition to promoters that were cloned in plasmids, the sequence of one promoter was determined directly from a genomic DNA fragment. From previous work (Fig; 1) , we knew that the promoter near 1% of genome length-would be present in Hpa I fragment N. This DNA fragment was isolated from T3 DNA, end-labeled, and sequenced. During the course of this work, the sequence of the same region of T3 DNA was independently determined by Adhya et al (8) ; our results are in agreement with theirs in the region displayed in Fig. 3 but differ slightly outside of this region (22) . The sequences of the T3 promoters determined thus far are presented in Fig. 3 , where they are aligned for maximum homology. With the exception of the promoter in pJB10, all of the promoters have an identical 16-bp sequence. No other comparable region of common sequence was found elsewhere in any of the cloned DNAs.
Determination of Start Sites for RNA Synthesis. The T3 and T7 RNA polymerases had been reported to initiate transcription predominantly with GTP (27) (28) (29) . Consistent with this, Adhya et al (8) determined the sequence of the 5' end of the RNA synthesized in vitro from the promoter in Hpa I fragment N (at 1.2%) and identified the start site as the G at + 1 as indicated in Fig. 3 . We determined the sequence of the 5' end of the transcript from' the 22.8% promoter in pJB20 (Fig. 4B) and found that initiation occurs with GTP at + 1 as drawn in Fig. 3 (Fig. 5) ; no other regions of homology are observed elsewhere in the cloned DNA.
the exception of the promoter in pJB10 (see below), all other promoters have a 16-bp sequence that is identical to the 1.2% and 22.8% promoters; it is therefore likely that initiation at these promoters occurs at the same location.
The promoter in pJB10 is unusual in that the insertion of a C at position -1 results in an A at the + 1 position when the sequence of this promoter is aligned with the conserved 13 promoter sequence (Fig. 3) . Because no T3 transcript had been reported to start with ATP, we were curious to determine where initiation occurred at this promoter. Sequence analysis of the in vitro transcript (Fig. 4D) revealed that it initiates with ATP at the + 1 position as depicted in Fig. 5 . End group analysis of the transcript by treatment with ribonuclease P1 revealed that 90% of the products begin with ATP, indicating that there is little ambiguity in start site selection at this promoter (data not shown).
DISCUSSION
Although remarkably similar in structure, the T3 and T7 RNA polymerases are highly specific in their template specificities (5, 7) . A strfiing illustration of this specificity stems from the discovery of a vestigial T7 promoter sequence in the T3 genome at 85.4 73 units (see Fig. 1 The consensus sequence derived from 6 T3 promoters (see Fig. 3 ) and the consensus sequence derived from 17 T7 promoters (1) are aligned for maximal homology. Nucleotides that differ between the two sequences are underlined.
